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Abstract

Title of Thesis: Regulation of Epidermal Growth Factor Receptor
Signaling by cbl-b.

Name: Seth Ettenberg, Ph.D. 2001
Thesis directed by: Stan Lipkowitz, M.D., Ph.D. Investigator, National Cancer Institute,
Associate Professor of Medicine and Molecular and Cell Biology
Program, Uniformed University of the Health Sciences
Negative regulation of the Epidermal Growth Factor Receptor (EGFR) signaling
is essential to proper regulation of cellular function. Genetic evidence from C. elegans
and Drosophila melanogaster has demonstrated that cbl proteins are negative regulators
of the EGFR in these organisms. To determine the role of mammalian cbl proteins in
EGFR signaling, stable clones overexpressing cbl-b were created in two cell lines which
have distinct biological responses to EGFR activation. In the 32D/EGFR murine
hematopoetic cell line, overexpression of cbl-b inhibits Epidermal Growth Factor-
induced (EGF) proliferation. In the MDA-MB-468 human breast cancer cell line, EGFR
activation induces apoptosis. Overexpression of cbl-b in these cells inhibits EGF-induced
apoptosis. These data demonstrate that the mammalian cbl-b protein. like the C. elegans
and Drosophila homologs, inhibits EGFR function. The molecular basis of this
inhibition was studied in these two model systems. cbl-b is phosphorylated and recruited
to the EGFR upon activation. In both cell lines, activation of the EGFR and activation of
multiple downstream pathways have a shortened duration of signaling when cbl-b is
overexpressed. Further biochemical analysis demonstrated that cbl-b increased

1



activation-induced downregulation of the EGFR by enhancing EGFR ubiquitination and
EGFR degradation. Specific inhibitors of either lysosomal or proteasomal proteases
blocked cbl-b mediated EGFR degradation. Further analysis of cbl-b expression after
cells are stimulated with EGF demonstrated that cbl-b is coordinately degraded along
with the EGFR. Both EGFR and cbl-b downregulation requires an intact Tyrosine
Kinase Binding and RING finger domain of the cbl-b protein. Additionally, binding of
cbl-b to the EGFR is required for either protein to undergo EGF-induced degradation.
Other proteins which are recruited to the activated EGFR complex are also coordinately
degraded with the EGFR and cbl-b. These data allow us to construct a model of the
regulation of the EGFR by cbl-b. Upon activation of the EGFR. cbl-b is phosphorylated
and recruited to the EGFR. Next cbi-b enhances ubiquitination and subsequent
degradation of the EGFR and other proteins bound to it. Finally, these data demonstrate
that the mammalian protein cbl-b, like the C. elegans and Drosophila homologs. inhibits

EGFR function.
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Introduction

For multi-cellular organisms the precise regulation of proliferation,
differentiation, and apoptosis is essential for successful development and homeostasis.
Growth factors and their receptors play a critical role in regulating these processes [1].
The crucial role of growth factor receptor pathways is highlighted by the frequent
transforming mutations found in these pathways [2]. Inappropriate activation by mutation
or amplification of any component in the signaling pathway (e.g. the growth factor, the
growth factor receptor, or downstream components) can result in malignant
transformation. For example, the v-sis oncogene is the transforming protein of the
Simian Sarcoma Virus and is derived from the Platelet-Derived Growth Factor (PDGF)'
(its cellular homolog) by a recombination event (3, 4]. v-sis transforms cells by autocrine
stimulation of cell growth through the cell surface PDGF receptor. Constitutive
activation of growth factor receptors can also result in malignant transformation [5].
Transfection of NIH 3T3 fibroblasts with constitutively active mutants of the Ret tyrosine
kinase receptor causes oncogenic transformation [2, 6, 7). Constitutive activation of
many growth factor receptors has been found associated with human malignancies
including macrophage colony-stimulating factor receptor, c-kit receptor, fibroblast
growth factor receptor, and EGFR (See below.) [2]. Finally, activating mutations in the
downstream molecules associated with the growth factor receptors can transform cells
[2]. For example, activating mutations of the Ras proteins, a family of small GTPases
which relay signals from the growth factor receptors to the nucleus [8], result in

malignant transformation (9, 10].

' See appendix | for abbreviations.



The EGFR is implicated in numerous human cancers (11]. Since the discovery
that the oncogenic gene contained in the Avian Erythroblastosis Virus, v-ErbB, is a
truncated EGFR, the EGFR has been found amplified. mutated, or rearranged in many
human tumors [12, 13]. For example, overexpression caused by gene amplification of the
EGFR is a common event found in glioblastoma (around 50%) and patients with such
EGFR amplification have a very poor prognosis [14]. Overexpression of the EGFR has
been demonstrated in many other tumor types including breast, bladder, and ovary (11,
15-17]. Furthermore, commonly found mutations of the EGFR cause truncations of the
protein similar to v-ErbB. These truncated receptors are constitutively active. The most
common example of this type of truncation, EGFRVIII, is caused by an inframe deletion
of exons 2 through 7 containing the extra-cellular portion of the EGFR [18]. EGFRVIII is
found in gliomas, breast cancer, ovarian cancer, lung cancer, and prostate cancer but not
in normal cells [19-22].

The ErbB Family of tyrosine kinase receptors is made up of four family members:
EGFR (ErbB-1)[23], ErbB-2 (Her-2/Neu) [24], ErbB-3 (Her-3) (25, 26], and ErbB-4
(Her-4) [27]. Other members of this family of receptors are also frequently found
amplified in human tumors, especially ErbB-2 [24a]. These transmembrane receptors
have the ability to signal diverse biological responses including cell growth,
differentiation, and apoptosis [13]. This diversity is achieved by several layers of
signaling complexity. First, each member of the family has the ability to respond to
multiple ligands. For example, the EGFR receptor can be activated by EGF, TGF-a,
Neuregulin, and B-cellulin with each ligand giving rise to a distinct biological outcome.

Second, each ErbB receptor can homodimerize or heterodimerize with other members of



the family [28]. Homodimerization or heterodimerization is dictated by the ligand and
the other ErbB family member present [29). For example, neuregulin binds to ErbB-3
and induces preferential dimerization with ErbB-2 which results in a very potent
mitogenic signal. Neuregulin can also induce ErbB-3-EGFR dimers, but this results in a
less potent mitogenic signal [30]. EGF, on the other hand, preferentially induces dimers
of the EGFR with ErbB-2. Further diversity may be achieved by altering the complex of
downstream molecules which bind to the activated receptors [13]. The duration that a
particular downstream pathway stays active also may specify the desired outcome. For
example, in PC12 cells a long active MAPK signal can cause neuronal differentiation,
while a shorter active MAPK signal can cause proliferation [31]. Finally, the cellular
response to a given ligand can change in response to the concentration of ligand present
or to the total level of expression of the receptor at the cell surface. In epithelial cells and
many tumors, EGF generally causes proliferation. However, in some epithelial tumor
cell lines, which express very high levels of the EGFR (e.g. MDA-MB-468 and MDA-
MB-431), EGF induces apoptosis {32, 33].

The EGFR is the prototypic member of the ErbB family (Figure 1). It is a type |
transmembrane glycoprotein with a predicted molecular weight of approximately 140
kDa. However, the mature protein migrates on a SDS-PAGE gel at about 170 kDa due to
glycosylation [34]. The N-terminal 622 amino acids make up the extracellular portion of
the receptor and contain the site of ligand binding. This domain contains 12 sites where
N-linked glycosylation can occur and two cystine rich regions between which ligands
have been demonstrated to bind. The extracellular domain is followed by a short a-helix

(residues 623-644), which spans the plasma membrane once. The remaining 542 amino



acids of the protein are internal to the cell and consist of the domains responsible for
initiating the cascade of signals and trafficking of the receptor. The tyrosine kinase
domain, which spans residues 690-954. is highly conserved across all tyrosine kinase
receptors and is essential for a signal to be transmitted by the receptor [35]. The C-
terminal tail of the receptor has several sites for tyrosine phosphorylation, which play
crucial roles in signaling and regulation of the receptor [36]. Several signal ransduction
proteins, containing the SH2 and the PhosphoTyrosine Binding domains utilize these
phosphorylation sites as docking sites [36]. Additionally, the area between amino acids
984-996 interacts with actin filaments, structural components of the cytoskeleton [37].
Lastly, there is an internalization sequence from amino acids 954 to 991. This sequence

enhances receptor endocytosis [38].
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Figure 1: Schematic of the Epidermal Growth Factor Receptor. Cysteine rich
regions are shown as open boxes. the tyrosine kinase domain is shown as a black box. the
internalization sequence is shown as a blue box. The sites of tyrosine phosphorylation (P-
Tyr sites) are indicated in the C-terminus of the receptor by lines. Numbers indicate
amino acid residues.



Growth factor activation of the EGFR progresses through several distinct steps
including: ligand binding, receptor dimerization, receptor activation, signal transduction
to second messengers, and finally receptor signal attenuation. Ligand binding is the
initial step in activation of the EGFR. Activation of the EGFR requires dimerization, as
is the case for all known tyrosine kinase receptors. Upon ligand binding the EGFR
receptor rapidly dimerizes with another EGFR (or another ErbB receptor) and these two
receptor chains undergo transphosphorlyation [36]. Most growth factor ligands of the
tyrosine kinase receptors are themselves bivalent and can therefore bind two receptor
chains and dimerize them. However, EGF molecules exist in a monomeric state and are
thought to bind to one receptor chain. The exact mechanism of EGFR dimerization is
still not completely understood. It has been suggested that ligand binding may cause a
conformational shift in the receptor that changes the affinity of the receptor for
neighboring ligand bound receptors [39]. However, recent data suggest that EGF
molecules may be bivalent, with both a high and low affinity binding site. Thus, as for
other growth factors, one EGF molecule may bind to two ErbB receptors and cause them
to dimerize {40]. This dimerization is responsible for and essential to the tyrosine kinase
activity of the receptor. Dimerization leads to activation of the receptor and
phosphorylation of tyrosine residues [41-44]. The kinase activity is absolutely required
to initiate the biological effects associated with the receptor (e.g. mitogensis,
differentiation, survival, cytoskeletal changes, and apoptosis [45]. Experiments using
receptors with mutations in the kinase domain have demonstrated a complete lack of

phosphorylation and of subsequent downstream signaling [36, 46].



The next step is signal transduction and the recruitment of kinase substrates and
signaling proteins to the activated receptor [36]. Multiple signaling pathways are
affected by EGFR activation. One major pathway activated by the EGFR is the MAPK
pathway [34. 47]. In this pathway, activation of the EGFR results in recruitment of
GRB2, which binds the EGFR via its SH2 domain at phosphotyrosine residue 1068.
GRB2 has been shown to bring SOS and GAP, (the GTP-GDP exchange protein for Ras),
to the EGFR and this in turn results in Ras activation [48]. This is followed by MAPK
activation and activation of transcription factors which leads to cell growth [49]. In
addition to affecting cell growth, EGFR activation of other pathways such as PLCy,
AKT, and STAT can lead to morphologic changes, changes in cell motility, and
differentiation in cells stimulated by EGF [50-55].

The final step in EGFR signaling is termination of the signaling pathway. In
general, there are two established mechanisms to attenuate GFR signaling. Receptors can
directly activate phosphotyrosine phosphatases. Phosphatases reverse signaling through
the receptor by removing the phosphate from the specific activation related tyrosines on
the receptors (or on the downstream molecules) [56]). For example, the phosphatase
SHP-1 dephosphorylates the EGFR at tyrosine residue 1173 and may negatively regulate
signaling through the receptor [57]. Alternatively, receptors can be removed from the
cell membrane via endocytosis. During endocytosis receptors disassociate from their
bound ligand and are cither recycled to the cell membrane or degraded in late endosomal
compartments by lysosomal or proteasomal proteases [S8]. This second process of
receptor signal attenuation is termed downregulation and has been observed for many

different growth factor receptors [58]. Endocytosis and degradation of the ligand bound



EGFRs has long been documented by many groups [$9, 60]. Upon ligand binding,
EGFRs cluster in clathrin-coated pits and are internalized. Internalization can cause as
much as 80% of the original surface ligand binding sites to be lost after a short period of
EGF stimulation [61]. Both proper EGFR conformation and kinase activity are required
for this process since truncated receptors and receptors with inactive kinases are not
downregulated [58, 62, 63]. Malignant transformation of cells by mutant EGFRs which
do not undergo downregulation highlights the importance of downregulation as an
attenuation mechanism. For example, truncation of the EGFR at amino acid 973 (which
removes the internalization sequence) results in a receptor which does not undergo
downregulation and transforms NIH 3T3 cells [64].

cbl proteins are negative regulators of the EGFR [65]. v-cbl was first identified as
the transforming gene of the Cas NS-1 munine retrovirus. This retrovirus induces pro-B-
cell lymphomas and myeloid leukaemias in mice and also transforms fibroblast cell lines
[66]. v-cbl (Casitas B-lineage Lymphoma) had no homology to other known oncogenes.
v-cbl is a fusion between the viral gag protein of the retrovirus and the 355 N-terminal
amino acid residues of the cellular protooncogene c-cbl [67, 68]. The N-terminal region
of c-cbl is capable of transforming cells while full length c-cbl can not [69]. Since the
discovery and cloning of c-cbl, other cbl family members have been found. These
include two additional mammalian cbl genes: cbl-b, and cbl-3; one Drosophila gene with
two alternatively spliced isoforms: d-cbl, and d-cblg ; and one C. elegans gene: sli-1
(Figure 2). This unique family of proteins is highly conserved from nematodes to
mammals [70]. All cbl proteins have a highly conserved N-terminal region. This region

includes a novel N-terminal TKB domain, which recognizes a D(N/D)xpY motif [71].



This domain is made up of a four helix bundle, an EF-hand Ca* binding domain, and an
SH2 domain [72]. Although the amino acid sequence is divergent from other classic SH2
domains, crystallographic studies reveal that the cbl TKB domain contains all the
necessary structural requirements of an SH2 domain [73]. Also the N-terminal region of
all cbl proteins contains a highly conserved C,HC, RING finger. RING finger domains
have been identified in many E3 ubiquitin ligase proteins [74, 75]. Structural studies
have revealed that the conserved cystine and histidine residues present in the RING
domain form a cross-braced structure which holds two zinc molecules in a coordination
complex [75]. The C-terminal domains of the cbl proteins are more variable. All cbl
proteins, except d-cblg, have a proline rich domain which follows the RING finger
domain. In addition, the C-terminal portion of c-cbi and cbl-b contains the major tyrosine
phosphorylation sites. Many SH2 and SH3 containing signal transduction proteins have
been demonstrated to bind within the C-terminal domain. The Ubiquitin Associated
domain is the most C-terminal domain and is present only in the long forms of the cbl
family (c-cbl, cbl-b, and d-cbl, ). This domain occurs in a number of ubiquitin pathway
proteins and has been suggested to help confer substrate specificity within the ubiquitin
pathway [76]. Furthermore, this domain has been shown to mediate c-cbl
homodimerization [77]. The RING finger domain, the proline rich domain, and the

ubiquitin associated domain are deleted in the transforming v-cbl protein.
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Figure 2: The cbl Family of Proteins. v-cbl: the GAG-cbl fusion protein of the Cas NS-1
murine retrovirus; c-cbl: the human protooncogene of v-cbl; cbl-b: the second human cbl
protein; cbl-3: the third human cbi protein: d-cbl;: the long form of the Drosophila
melanogastor cbl protein; d-cblg: the short form of the Drosophila melanogastor cbl
protein; sli-1: the C. elegans cbl protein. The red bars indicate the areus of homology
conserved in all cbl proteins. The blue bars indicate the area conserved between v-cbl and
c-cbl. The green bars indicate the areas conserved between d-cbl, and d-cblg. The gray
bars indicate the areas conserved between c-cbl. cbl-b and d-cbl,. The white bars indicate
unique areas among the family. The tyrosine kinase binding domain (TKB), RING finger,
the proline rich region, and the ubiquitin associated domain (UBA) are indicated above the
diagram. Major Tyrosine phosphorylation (p-Tyr) sites are indicated with vertical lines.
The total number of amino acid residues within each molecule are indicated to the right.

Initial biochemical evidence of the role of cbl proteins in tyrosine kinase signaling
came from that c-cbl is rapidly tyrosine phosphorylated after T-cell receptor activation
[78]. At the same time c-cbl was identified by a cDNA expression library screen using a
GST fusion protein containing the SH3 domains of NCK (79]. NCK is an adaptor
molecule involved in signaling by tyrosine kinase receptors [80]. Since the initial
studies in T-cells, cbl proteins have been shown to become phosphorylated and. in some
cases, to bind to numerous receptors upon ligand activation. These include the B-Cell,
GM-CSF. IL-3, PRL. Fcy. c-Kit. PDGF. and EGF receptors [80]. Additionally, cbl

proteins have been shown to bind to numerous proteins involved in signaling by these
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receptors including: Grb-2, She, PI-3K, PLCy, Crk, Src, ZAP-70, Lck, Lyn, Fyn, Talin,
and VAV [80]. The immense diversity of proteins and receptor pathways associated with
cbl proteins suggest that cbl proteins play an important role in many signaling pathways.

Functional studies of the cbl protcins have demonstrated both positive and
negative roles in signaling pathways. For example, Vitamin D treatment of osteoclasts
induces bone resorption by activating the Src kinase, which in turn phosphorylates c-cbl.
Downregulation of either the Src kinase or c-cbl function (by anti-sense oligonucleotides)
inhibits vitamin D stimulated bone resorption [81]. This suggests that c-cbl plays a
positive signaling role in this system. In contrast, a study from the laboratory of
Lawrence Samelson demonstrated that overexpression of c-cbl in mast cells inhibits the
activity of Syk kinase stimulated by the FceRI receptor and prevents serotonin release
[82]). These results show an inhibitory role for c-cbl in this pathway. The same
functionally diverse outcomes seem to be true for cbl-b as well. Overexpression of cbl-b
in T-cells causes the constitutive activation of cytosolic kinase ZAP 70 and NFAT,
indicating a positive role in signaling [83]. However, a study by Barbacid and colleagues
demonstrated that overexpression of cbl-b inhibits the EGF- or PDGF-induced activation
of JNK [84]. Thus, in several distinct signaling pathways cbl proteins have been shown
to have both positive and negative effects.

Developmental studies in C. elegans and Drosophila melanogaster have
demonstrated that cbl proteins can act as inhibitors of EGFR mediated development [80].
Work from the laboratory of Paul Sternberg identified the gene suppressor of lineage
defect -1 (sli-1 the C. elegans cbl homolog) in a screen for mutants which could restore

normal development to worms with mutations in the let-23 protein (the C. elegans EGFR
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homolog) [85]. Mutations in let-23 result in worms with a hypo-vulva phenotype. Null
mutations in sli-1 restore normal vulval development in these worms. These genetic data
demonstrated that sli-1 acts as a negative regulator of let-23. Further genetic experiments
indicated that sli-1 functions at or near the receptor [86]. Additional evidence of
inhibition of the EGFR function by cbl proteins came from two studies in Drosophila
[87, 88]. In this system signaling through the Drosophila EGFR is critical for
development of the R7 photoreceptor cells [89]). The first study demonstrated that
overexpression of d-cbl (the Drosophila cbl homolog) can inhibit EGFR dependent
photoreceptor cell development in the eye. The second demonstrated that d-cbl could
bind to the Drosophila EGFR homolog. This further suggested a direct regulatory effect
of cbl proteins on the EGFR.

Due to the genetic and biochemical evidence described above in C. elegans and
Drosophila we hypothesized that mammalian cbl proteins regulate EGFR function. Our
laboratory had recently cloned the cbl-b gene and began to address the question of

whether cbl-b and its mammalian homolog c-cbl, might regulate EGFR signaling.

Hypothesis: cbl-b regulates EGFR signaling.

oSpecific Aim #1: To develop model systems to study the role of cbi-b function in EGFR
signaling.

oSpecific Aim #2: To define the mechanism of cbl-b function on EGFR signaling.
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cbl-b inhibits epidermal growth factor receptor signaling
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The role of ch-b in signsling by the epidermal growth
factor receptor (EGFR) was studied and compared with
cchl. We demonstrate in vivo, that cbl-b, like c-chl, is

ted and recruited to the EGFR wpon EGF
stimulation and both cbl proteins can bind to the Grb2
adaptor protein. To imvestigate the functional role of cbl
proteins in EGFR signaling, we transfected cbl-b or c-cbl
into 32D cells overexpressing the EGFR (32D/EGFR).
This cell line is absolutely dependent on ex IL-3
or EGF for sustained growth. 32D/EGFR cells over-
expressing chi-b showed markedly iphibited growth in
EGF compsred to c-cM transfectants and vector
controls. This growth inhibition by chl-b was the result
of a dramatic increase in the namber of cells wndergoing
apoptosis. Consistent with this finding, cAl-b overexpres-
sion markedly decreased the amplitude and duration of
AKT activation spon EGF stimulation compared to
either vector controls or c-chl overexpressing cells. In
addition, the duration of EGF mediated MAP kinase and
Jum kinase activation in cells overexpressing cbl-b is
shortened. These data demonstrate that cbi-b inhibits
EGF-induced cell growth and that cbi-b and c-cbi have
distinct roles in EGF mediated signaling.

Keywords: cbl proteins; EGF receptor: signal transduc-
tion

Introduction

The c-chl proto-oncogene is the cellular homolog of the
v-cbl oncogene. the transforming gene of the Cas NS-]
murine retrovirus. which causes pre B cell lymphomas
and myelogenous leukemia in mice and transforms
NIH3T3 cells (Blake er al.. 1993; Langdon et al.. 1989).
The transforming v-cbl protein is a gag-v-chl fusion
protein containing only the N-terminal 40% of c-cbl
(Blake et al.. 1993). 1t is believed that the transforming
chl protein acts as a dominant inhibitor of the normal
chi protein function (Miyake et al., 1997). The c-cbl
protein is phosphorylated upon activation of a variety
of receptors which signal via protein tyrosine kinases
(PTK) including the EGF. B-Cell. CSF-1, Fc;. c-Kit.
PDGF and T-Cell receptors (reviewed in Miyake e? al.,
1997. Smit and Borst. 1997). c-chl also interacts with
the activated receptors and this interaction is mediated
both by association with the adaptor protein Grb2 and

*Correspondence: S Lipkowitz
Received 8 June 1998; revised 9 October 199%: accepted 16 October
1998

by direct binding of a unique phosphotyrosine binding
(PTB) domain in the N-terminus of c¢-cbl (reviewed in
Miyake ef al., 1997; Smit and Borst. 1997). The c-cbl
protein has also been shown to associate with a vaniety
of SH2 and SH3 proteins involved in signal transduc-
tion including CRK. Fyn, Lck, NCK, PI-3-Kinase and
Shc (Miyake er al.. 1997: Smit and Borst, 1997). Thus.
c-chl appears 10 be an important molecule involved in
many signal transduction pathways.

Developmental studies in C. Elegans and Drosophila
melanogaster have demonstrated that the cb/ family
proteins are able to act as inhibitors of epidermal
growth factor receptor (EGFR) mediated development
{(Hime er al.. 1997; Meisner er al.. 1997; Yoon et al.,
1995). Genetic experiments in C. elegans have indicated
that the function of the cb/ protein is at the level of the
receptor and the SemS protein, placing the chbl proteins
at an early point in the signal transduction cascade
(Jongeward et al.. 1995). In addition, one oncogenic
form of c-cbl, 70Z-c-cbl, has been shown to stimulate
the kinase activity of both resting and stimulated
EGFR (Thien and Langdon. 1997). There are
conflicting data in the literature that mammalian c-cbl
protein may directly inhibit EGFR autophosphoryla-
tion (Thien and Langdon. 1997; Ueno et ai.. 1997). The
biological role of the normal c¢-chl protein in EGF
signaling remains to be elucidated.

We recently cloned human cbl-b. a homolog of the
c-chl proto-oncogene (Keane et al., 1995). cbl-b shares
several structural similarities with ¢c-cbl. most notably
in the N-terminal PTB domain, the C3HC4 zinc finger
and the proline rich domain (Keane et al.. 1995). We
have previously shown that chl-b, like c-cbl. binds to a
variety of signaling proteins in vitro via SH3
interactions (Keane er al.. 1995). Here we compare
the role of these two mammalian cb/ family members in
signaling by the EGFR.

Results

Interaction of cbl-b and c-cbl with the EGFR

Other investigators have previously shown that c-chl is
phosphorylated and recruited to the EGFR upon EGF
stimulation (Bowtell and Langdon, 1995: Fukazawa er
al.., 1996; Galistco et al., 1995; Khwaja et al.. 1996;
Levkowitz et al.. 1996; Meisner and Czech, 1995 Odai
et al., 1995a; Soltoff and Cantley. 1996: Tanaka et al..
1995; Ueno et al.. 1997). To compare the interaction of
chi-b and c-chl with the EGFR. HA-cpitope tagged chi-
b or HA-cpitope tagged c-chl was transfected along with
the EGFR into human embryonic kidney cells
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expressing the SV40 large T-antigen (293T). The EGFR
was also transfected alone for comparison. The cells
were then starved and stimulated with EGF and the
resultant lysates used to compare the interactions
between the EGFR and cach ¢/ protein. These lysates
were immunobilotted and probed with anti-phosphotyr-
osine (anti-pty). anti-chi-b, anti-c-chl, anti-EGFR and
anti-HA (Figure 14). Lysates from cells transfected with
either cbl-b and the EGFR or c-¢bf and the EGFR each
showed prominent EGF-induced tyrosine phosphopro-
teins at ~ 180 kDa and ~ 120 kDa corresponding to the
positions of the EGFR and the cbl proteins, respectively
(Figure la, top panel). The unique phosphoproteins
seen in the c-cbl and cbl-b transfected cells represent
degradation products of the respective cb/ proteins. This
was determined by sequentially reprobing the blot with
antibodies for c-chl or chi-b which recognize epitopes at
the N and C termini of the respective proteins (data not
shown). In contrast, the cells expressing the EGFR
alone showed prominent phosphorylation of the EGFR
but did not have the prominent 120 kDa corresponding
to the cbl proteins (longer exposure did show a
phosphorylated 120 kDa band corresponding to the
endogenous cbl proteins). Cells overexpressing cither
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chlb or c-cbi did not have consistent significant
differences in  the phosphorylation levels of the
stimulated EGFR compared to each other or com-
pared to cells overexpressing the EGFR alone (Figure
1a). Interestingly, 93T cells transfected with the EGFR
alone consistently had significantly higher levels of
phosphorylation of the unstimulated receptor compared
to iy exprossing the EGFR and either c-cbl or chi-b
(Figure la).

Several other obscrvations may be made from the data
in this figure. First. the anti-HA antibody shows that the
transfected proteins are cxpressed at easily detectable
levels. Second. cAi-b migrates at a slightly higher position
than c-chl. Finally. the lower band seen with the anti-
cbl-b antibody is likely to be degraded protein since it is
not seen with the anti-HA antibody (the HA epitope is
on the C-terminus of the protein) nor when the protein is
immunoprecipitated (see Figure 1b).

The lower panels in Figure 1a also suggest that the
anti-chi-b and anti-c-chl antibodies specifically identify
their respective proteins on immunoblots. However,
longer exposure of the blots probed for c-cbl or cbi-b
revealed expression of the endogenous c-cbl and chi-b
respectively in 293 cells at levels ~ 20 - 30-fold less than

b 1P

ars c<bl cbld

B~ 3

(8) 293T cells were transiently transfected with cither the EGFR alone. HA tagged cbl-b and the EGFR. or with HA

tagged c-chl and the EGFR. The cells were starved for 4 h. incubated with or without EGF (100 ng.mi) for 10 mun. and cell lysates
were prepared. The proteins were separated by SDS PAGE on parallel geis. transferred and immunoblotied with either the anti-
phosphotyrosine antibody (z-pty). the anti-EGFR antibody (z-EGFR). the antic-ch/ anubody (x-c-chi). the anti-chl-b anttbody (2-
chi-b), or the anti-HA antibody (2-HA) as shown to the left of the blots. The positions of the EGFR. chi-h and c-ch/ are shown to
the night of the 1-pty biot. Molecular weight standards (in kDa) are shown to the left of the 2-pty blot. The mddle three panels
show expression of the transfected EGFR. c-ch/ and chi-b genes (2-EGFR, x<-chl and z-chi-b respectively). The bottom panel shows
the expression of c-chf and chi-b using the 1-HA antibody. () Speafiaty of chl-b (H121) and c-chl (c-15) anusera. 293T cells were
cotransfected with chl-b and c-chi. Lysates from these cells were immunoprecipritated with non-immune rabhit serum (nirs). anti-c-ch/
anuibody. or anti-chl-b {antibody shown along the top of the figure). The immunopreciptates were divided and run on two gels. One
gel was immunoblotted with x-chl-b and the other was blotied with x-c-chl. Molecular weight standards (in kDa) are shown to the

nght of the blots



the transfected proteins (data not shown). This raised
the possibility that the antibodics did have some cross
reactivity. To confirm the specificity of the two
antibodies for both immunoprecipitation and immuno-
blotting. ¢cbl-b and c-chl were cotransfected into 293T
cells and lvsates were immunoprecipitated with each
anubody and with non-immune rabbit serum (nrs)
{Figure 1b). Equal amounts of the precipitates were
run on two parallel gels and then immunoblotted with
anti-chl-b and anti-c-chl antibodies. The data shown
indicate that both antisera are specific for both
immunoprecipitation and immunoblotting. These data
also indicate that there is no significant interaction

Iransfect: cbi-b + EGFR

EGF
Stimulation {min) 0
b, L

EGF
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between cbi-b and c-chl since there is no evidence of
co-immunoprecipitation of one with the other.

To further compare the interactions of cbi-b and c-
chl with the EGFR. we immunoprecipitated the EGFR
from EGF stimulated 293T lysates containing cither
chl-b or c-chl (Figure 2, top panels). Both chi-b and c-
cbl (heavy arrows) were co-precipitated with the EGFR
(light arrows) in the stimulated cells but not in the
unstimulated cells. There was no difference in the
kinetics of the recruitment to the EGFR at the time
points analysed. When these immunoprecipitates were
probed with an anti-phosphotyrosine (anti-pty) anti-
body, phosphorylated proteins were seen that migrated

ccbl + EGFR

Figere 2

chil-b and c-chl are recruiied 1o the EGFR and phosphorylated upon EGF simulation. (a) 293T cells were tranwently

transfected with either HA tagged chl-b and the EGFR or with HA tagged c-ch and the EGFR. The cells were starved for 4 h.
incubated with or without EGF (100 ng,ml) for the times indicated along the top of the figure and then the cells were lysed. The
EGFR (top panels) or chi-b and c-chl (bottom panels) were immunopreapitated using the x-EGFR antibody or the 2-HA antibody
respectively. The precipitated proteins were run on paraliel gels. transferred and immunoblotted with the anubodies shown 10 the
nght of the blots. The positions of the cAf proteins are indicated by the heavy arrows and the positions of the EGFR are indicated
by the light arrows. Each protein (EGFR. chl-b or c-chl) was equally expressed in lysates from each tme point (data not shown).
Molecular weight standards (in kDa) are shown to the left of the blots
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at the sizes of EGFR and cbl proteins. To confirm that
cbi-b and c-cbl were phosphorylated upon EGF
stimulation. the transfected cb/ proteins were immuno-
precipitated with the anti-HA antibody and probed
with the anti-pty antibody (Figure 2. bottom panels).
Both ¢hl proteins are phosphorylated upon EGF
stmulation. A phosphoprotein that migrates at the
size of the EGFR is also seen when the chl proteins are
immunoprecipitated. Together these data demonstrate
that both chl-b and c-cbl are similarly phosphorylated
and recruited to the EGFR upon EGF stimulation.
c-chl is recruited to the activated EGFR predomi-
nantly through its interaction with the adaptor protein
Grb2 (reviewed in Miyake er al.. 1997; Smit and Borst,
1997). To test whether cbi-b also interacts with Grb2,
293T cells were transfected with the EGFR, chl-b and
the EGFR, or c-cbl/ and the EGFR and then the cells
were starved or stimulated with EGF. The respective
cbl proteins were immunoprecipitated with the anti-HA
antibody and the precipitates were probed for Grb2.
Grb2 co-precipitated with cbl-b and c-cb/ from both
starved and EGF stimulated lysates (Figure 3. top
panel). Only slight enhanced binding of Grb2 was seen
in the chl-b precipitate from EGF stimulated cells and
no EGF enhanced binding was scen between Grb2 and
cchbl. The anti-pty blot demonstrated that the
precipitated cbl proteins became heavily phosphory-
lated upon EGF stimulation and that they associated
with the EGFR as demonstrated below (Figure 3,
middle panel). The cb/ proteins were equally precipi-
tated by the anti-HA antibody (Figure 3. bottom
panel) and the lack of Grb2 in the precipitates from the
cells transfected with the EGFR alone indicates that

IP: a-HA

e P

Figure 3 cbi-b and c-chl associate with Grb2, 293T cells were
transiently transfected with cither the EGFR alone. HA tagged
chi-b and the EGFR. or HA 1agged c-ch/ and the EGFR. The
cells were starved for 4 h, incubated with or without EGF
(100 ng.ml) for 10 min and then the cells were lysed. chi-b and
c-chl were immunopreapitated using the x-HA anuibody. The
precipitated proteins were run on parallel gels, transferred. and
immunobiotted with the antibodies shown to the left of the blots.
The position of each proten s indicated to the nght. Each
protein (EGFR. chl-b or c-chl and Grbl) was equally expressed in
lysates (data not shown). Molecular weight standards (in kDa)
are shown to the left of the blots

the precipitation of Grb2 was the result of an
interaction between the cbl protein and Grb2. Using
a Gst-Grb2 fusion protcin to precipitate in vitro
transfated deletion mutants of chl-b we have localized
the binding of Grb2 to the proline rich C-terminus half
of the cbil-b protein (data not shown). The N-terminus
of c-chl contains a unique PTB which has been shown
to dircctly bind to tyrosine phosphorylated proteins
(Lupher er al., 1996, 1997). A construct of cbi-b
containing only the first 349 amino acids (including the
conserved PTB) was able to bind to the activated
EGFR but was unable to interact with the Gst-Grb2
fusion protein (data not shown). Thus, like c-cbl, chl-b
is able to bind to the EGFR through both an adaptor
mediated and PTB domain mediated mechanism.
Since both cbl-2 and c-chl are phosphorylated and
recruited to the EGFR upon stimulation and interact
with the receptor through similar mechanisms, we
investigated whether the two proteins compete for their
interaction with the EGFR. 293T cells were transfected
with c-cbl and the EGFR in the presence or absence of
an excess of cbi-b (Figure 4a) or with cbl-b and the
EGFR in the presence or absence of an excess of c-chl
(Figure 4b) and then the cells were starved and then
stimulated with EGF. Lysates from each transfection
were immunoprecipitated with the anti-EGFR anti-
body. Less c-cbl co-precipitates with the EGFR in the
presence of excess chl-b than in the absence of chl-b
(Figure 4a) and similarly. less cbi-b co-precipitates with
the EGFR in the presence of excess c-ch/ than in the
absence of c-chl (Figure 4b). The excess of competing
cbl protein was demonstrated by probing the lysates
with the anti-HA antibody which detects both proteins
(Figure 4. lysate panels). These data suggest that chl-b
and c-cbl compete for binding to the EGFR.
Interestingly, when lysates containing both ¢b/
proteins were probed with anti-pty the level of EGF
induced phosphorylation of the 120 kDa protein was
not significantly increased compared to cells expressing
only one or the other of the cbl proteins (Figure 4a and
b. lysate panels). Immunoprecipitation of c-ch! from
the lysates in Figure 4a or cbi-b from the lysates in
Figure 4b revealed that in the presence of excess of the
other chi protein, phosphorylation of the precipitated
protein was decreased (data not shown). This suggests
that the c¢hl proteins are phosphorylated by the same
kinases and compete with one another as substrates.

Effects of cbl-b and c-cbl on EGF induced cell growth of
32D/EGFR cells

In order to investigate the functional role of the
interaction of the ch/ proteins with the EGFR. we
transfected chi-b or c¢-cbl inmo 32D cells which
overexpress the EGFR. The 32D cell line is a murine
hematopoietic cell line which is absolutely dependent
on exogenous 1L-3 for sustained growth and it rapidly
undergoes apoptosis in the absence of IL-3 (Green-
berger et al., 1983; Thic ef al.. 1981, 1982; Prystowsky
et al., 1982). 32D cells do not normally express any
endogenous EGFR (or other members of the EGFR
family) and do not grow in EGF (Alimandi e af.
1997). In contrast, 32D cells overexpressing the EGFR
(32D/EGFR) can be grown in the presence of either
IL-3 or EGF (Picrce et al, 1988). These 32D.EGFR
cells, used in our experiments. were maintained in



chib inhibits EGFR signaling
SA Ettenberg ot of ”
1859

growth media supplemented with 5% conditioned  cbl-b, c-cbl, or a vector control and stable clones were
medium containing IL-3 (which will be referred to as  selected which were able to grow in medium containing
IL-3). 32D/EGFR cells were transfected with either  IL-3 and G418. These clones were then analysed for

* IP:_=£GFR Lysates
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EGF Stimulation « ¢ -

Figwre 4 chi-b competes with c-chl for binding to the EGFR. (8) 2937 cells were transiently transfected with c-ch/ (0.5 ug) and the
EGFR (1 ug) in the presence or absence of an excess of chl-b (5 ug). (b) 293T cells were transiently transfected with chi-b (0.5 ug)
and the EGFR (1 ug) in the presence or absence of an excess of c-chl {5 ug). The ceils were starved for 4 h. incubated with or
without EGF (100 ng mi) for 10 min and then cell lysates were prepared. In the left panels of each figure. the EGFR was
immunoprecipitated and then the preapitated proteins were run on paraliel gels. transferred. and immunoblotted with the
anuibodies shown to the nght of the blots. The 1op three right panels i each figure show the expression of c-chl. chl-b and the
EGFR in the cell lysates used for the immunoprecipitation. The total level of c-chf < chl-b in the lysates s shown in the anu-HA
probed panel on the nght of each figure. The bottom nght panel in cach figure shows the phosphorylation induced by EGF in the
lysates. The plasmuds transfected are indicated along the top of the figure
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their ability to grow in EGF or IL-3. 32D/EGFR cells
overexpressing chi-b showed markedly inhibited growth
in EGF compared to c-ch/ transfectants and vector
controls (Figure Sa and b). while only slight inhibition
of growth of chl-b clones was observed in IL-3. In
contrast. both c¢c-chl and vector clones grew well in
cither EGF or [L-3. Even at lower concentrations of
IL-3. which only stimulated growth to the same degree
as EGF. there was no significant difference between the
clones expressing chi-b and those overexpressing c-cbl
or the vector controls. Thus the inhibition is specific
for the EGFR pathway. The expression of cbl-b, c-chl
and the EGFR in representative clones is shown in
Figure Sc. Both chl-b and c-cbl were expressed at levels
five- to tenfold above that of the endogenous protein.
Reprobing the blots with the anti-HA antibody

Cell Number (x104)

o 1 2 3 4 5 &

Time (days)

demonstrated that cbl-b and c-chl were expressed at
similar levels (data not shown). There was no
significant difference between the clones in the total
expression (Figure Sc) or in the cell surface expression
of the EGFR protein determined by flow cytometry
{(data not shown).

Cells overexpressing cbl-b cultured in EGF were
shrunken. refractile cells with pyknotic nuclei and were
similar to those seen when cultured in the absence of
growth factor (Figure 6a). TUNEL assays. which
detect DNA breaks characteristic of apoptosis i situ
(Ben-Sasson et al.. 1995). revealed that the cbl-b
overexpressing cells cultured in the absence of growth
factor and those cultured in EGF were undergoing
apoptosis (Figure 6a. top panels). In contrast, the chi-b
clones grew well in IL-3 with little or no evidence of

Cell Number (x104)
EEEEEEEEE D

Figwe 8 chl-b. but not c-chl. inhibits EGF stimulated growth of
I2D/EGFR celis. (s) Stable clones of 32D/EGFR cells expressing
cither chl-b, c-chl. or a control vector were plated in triplicate
wells at 10* cells and grown in the absence of growth factor
(closed squares). in EGF (open arcles), or in 1L-3 (-x-). The
number of live cells was counted after 2. 4 and 6 days in culture
using trypan biue to assess viability. The numbers represent the
average +s.d. The live cell number is shown on the Y axis and
the time in culture is shown along the X ans. (B) Composite
growth data for stable clones. Independent stabie clones of 32D
EGFR ceils expressing either chi-b (black bars; n=8). c-chl
(striped bars; n=7). or a control vector (open bars; n =6} were
plated in triplicate wells at 10* cells and grown in EGF orn IL-3.
The number of live cells was counted afier 6 days n culture using
Trypan blue (0 assess viabiity. The numbers represent the
average + the s.e.m. for multiple independent clones. The live
cell number is shown on the Y axis and the growth factor added
s shown along the X aus. Cells from all clones died within [ day
when plated in the absence of growth factors. (¢) Expression of
chl-b, c-chl and the EGFR in representative stable clones of 32D
EGFR. Cell lysates were separated by SDS PAGE on parallel
gels. transferred and immunoblotied with the antibodies shown to
the nght of the blots



apoptosis. Cells overexpressing c-chf underwent apop-
tosis when grown in the absence of growth factor but
grew well in cither EGF or IL-3 with little or no
evidence of apoptosis when grown in cither growth
factor (Figure 6b. bottom pancls). The vector control
cells hehaved like the cells overexpressing c-chl (data
not shown). In -1 10 quantitate the fraction of cells
undergoing apopiosis, cells were stained with propi-
dium iodide and the fraction of cells in the sub-Gl
peak was determined. A high proportion of cells in the
chi-b clones cultured in EGF were undergoing

cbl-b
phase

naone

tunel

c-cbl

tunel

-4
-
-

Apoptosis (%)
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apoptosis when compared to those grown in IL-3
(Figure 6b). In contrast, only a small fraction of the
cells in the c-cbl clones and vector controls undergoes
apoptosis when grown in the presence of cither growth
factor (Figure 6b). The proportion of apoptotic cells in
the chl-b clones grown in EGF increased with time in
cuiture but this increasc was not as rapid as scen in
cells grown in the absence of growth factor (Table 1).

Cell cycle analysis revealed that the large increase in
apoptotic cells in chl-b clones grown in EGF was the
only clear difference between cbl-b clones and the c-cbl

GF iL-3

Figwre 6 32D EGFR cells expressing cbi-b undergo apoptoss in
EGF. (a) Stable clones of 32D EGFR cells expressing either chl-b
or c-chl were plated at 10 celis plate and grown in the absence of
growth factor (none). in EGF. or in IL-3. The cells were grown
for 3 days and then TUNEL assavs to demonsirate apoptosis
were performed. Cell cytospins showing phase (phase) and
fluorescence (tunel) photomicrographs of the same field for each
sample are shown at 1000 x magnification (b) Stable clones of
32D EGFR expressing cb/-b (gray bars). ¢-chl (stnped bars). or a
control vector {open bars) were cultured as above for § days. The
percentage of apoptoix cells were determined from the number of
cells i the sub-Gl population when analysed by proptdium
wodide starming and flow cytometry. Results are shown for two
independent stable 32D EGFR clones expressing chl-b, two clones
expresang ¢-chl and one vector control
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Teble |  Apoptosis of 32D/EGFR cells overexpressing chi-b
Apoptosis (%}
Growth factor day | day 3 day §
none 58 46 53
EGF 6 20 33
iL-3 04 06 5

clones and vector controls. There was no evidence of
cell cycle arrest in the cbi-b clones cultured in EGF at
carly (within the first 16 h in culture) or late (after
several days in culture) time points. In contrast. cells
cultured in the absence of growth factor showed clear
evidence of Gl arrest within the first 16 h in culture.
Consistent with the lack of cell cycle arrest in the cbl-b
clones cultured in EGF, thymidine incorporation by
the cbi-b clones cultured in EGF for 1-2 days was
similar to that of c-cb/ clones and vector controls (data
not shown).

Both c¢bl-b and c-chl were phosphorylated and
recruited to the EGFR in the 32D/EGFR clones
overexpressing these proteins (data not shown). In
order to investigate the effects of cbl-b and c-chl on
EGFR signaling, we measured the EGF induced
activation of MAP kinase (MAPK) and Jun kinase
(JNK) in clones overexpressing chl-b, c-cbl, or the
vector control (Figure 7a and b). EGF stimulation of
the 32D/EGFR cells overexpressing cbl-b induced
rapid stimulation (within 5 min) of both MAPK and
JNK activities and this stimulation was similar to that
seen in c-cbl overexpressing cells or the vector controls.
However, the MAPK and JNK activities in the cbl-b
clones returned towards the bascline ecarlier (e.g.
30 min) than the activities in the c-cb/ and vector
controls.

The activation of the serine threonine kinase AKT
by growth factor receptors has been shown to inhibit
apoptosis (Franke ez al.. 1997). This activation results
from the specific phosphorylation of AKT on serine
473 and threonine 308 in response to growth factor
stimulation (Alessi ef al., 1996). Because of the marked
increase in apoptosis we observed in chl-b clones
cultured in EGF. we assayed the activation of AKT
in clones overexpressing cbl-b, c-chl, or the vector
controls (Figure 8). The EGF induced activation of
AKT was markedly decreased in the clones over-
expressing cbl-b compared to cells overexpressing c-chb/
or the vector controls. In addition, as seen with MAPK
and JNK above. the duration of the activation of AKT
was shortened in cells overexpressing chi-b compared
to cells overexpressing c-chl or the vector controls.

AKT is activated downstream of phosphatidylinosi-
tol 3-kinase (PI 3-kinase) (Franke ef al.. 1997) and c-
chl has been shown to associate with the 85 kDa
regulatory subunit (p8S) of P1 3-kinase upon activation
of the EGFR (Miyake er al.. 1997 Smit and Borst.
1997). To test whether chi-b interacts with the 85 kDa
subunit of P1 3-kinase. 293T cells were transfected with
the EGFR or cbl-b and the EGFR. The chi-b protein
was immunoprecipitated with the anti-HA antibody
and the precipitates were probed for the p85 subunit of
Pl 3-kinase (Figure 9). The p8S subunit of Pl 3-kinase
co-precipilated with the heavily phosphorylated chi-b
from the EGF stimulated lysates. The lack of the p8S
subunit of PI 3-kinase in the precipitates from the cells

EGF Stimulation (min)
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EGF Stimulation (min)

o 5 15 30

Glone;
vector

c-cbl

cbi-b

cbi-b

7 Activation of MAPK and JNK is not sustained in 12D
EGFR cells overexpressing chl-b. EGF stimulation of MAPK (=)
and INK () was assayed in 32D EGFR cells expressing chi-b
{two independent clones), c-chl. or a vector control (as descnbed
in the Matenals and methods). The cells were starved and then
stimulated for the indicated times with EGF (100 ng,ml). Cells
were lysed. MAPK or INK was immunoprecipitated, and activity
was assayed by phosphorylation of myelin basic protein for
MAPK or phosphorylation of GST-Jun for INK. The phosphor-
ylaton of the substrate was assessed by SDS PAGE and
autoradiography. Immunoblot analyus of one fifth of the
precipitated protemns (either MAPK or INK) demonstrated that
equal amounts of protein were used in the kinase assays {data not
shown)
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Figere 8 AKT activation is inhibited in 32D/EGFR cells
overexpressing chi-b. EGF stimulation of AKT activation was
assayed in J2D/EGFR cells expressing chl-b (two independent
clones). ¢-cbl, or a vector control. The ceils were harvested and
then stimulated for the indicated times with EGF (100 ng/ml).
Cells were lysed and AKT activation was assayed by immuno-
blotting with an antibody specific for activated phosphorylated
AKT (2-phospho-AKT). Total AKT was assessed by probing a
paraliel gel with antibody that recognizes both active and inactive
AKT (2-AKT)

transfected with the EGFR alone indicates that the
precipitation of p85 was the result of an interaction
between the chi-b protein and p85 (Figure 9. bottom
panel). We were unable. however, to demonstrate any
EGF induced association between either cbl-b or c-cbl
and the p85 subunit of Pl 3-kinase in the 32D/EGFR
clones overexpressing cbi-b or c-cbl respectively (data
not shown).

Discawmsion

The chi family of proteins is found in metazoans from
nematodes to vertebrates and the proteins have several
highly conserved domains including a novel N-terminal
PTB motf and a zinc finger (Blake er al., 1991; Hime
et al., 1997; Keane et al.. 1995; Lupher er al.. 1996,
1997; Meisner et al.. 1997; Yoon et al., 1995). A role
for the cbl proteins in EGFR signaling was first
demonstrated in C. elegans by genetic studies that
show that sli-1 (the c¢bhl/ homolog) is a negative
regulator of the Let-23 receptor tyrosine kinase (the
EGFR homolog) in vulva development (Jongeward er
al.. 1995. Yoon et al. 1995). These developmental
effects have been extended to Drosophila where the chl
homolog has been shown to associate with the
Drosophila EGFR and overexpression of Drosaphila
chl in the eyec of Drosophila embryos inhibits EGFR
dependent photoreceptor cell development (Hime ef al..
1997; Meisner et al., 1997). In mammalian cells, several
studies have shown that c-ch! becomes phosphorylated
and recruited to the EGFR upon stimulation (Bowtell

- EGFR
- chi-b

«— ¢bi-b

Figere 9 chl-b associates with the p8S subunit of PI-3K. 293T
cells were transiently transfected with either the EGFR alone or
HA tagged chi-b and the EGFR. The cells were starved for 4 h.
incubated with or without EGF (100 ng/ml) for 10 min, and then
the cells were lysed. chi-b was immunoprecipitated using the x-HA
antibody. The precipitated proteins were run on parailel gels,
transferred and immunoblotied with the antibodies shown to the
left of the blots. The position of each protein is indicated to the
right. Each protein (EGFR. cbl-b and p85) was equally expressed
in lysates (data not shown). Molecular weight standards (in kDa)
are shown to the left of the blots

and Langdon, 1995: Fukazawa er al., 1996 Galisteo et
al., 1995;: Khwaja er al. 1996: Levkowitz et al.. 1996;
Meisner and Czech, 1995; Odai er ai.. 1995a; Soltoff
and Cantley, 1996. Tanaka et al.. 1995; Ueno et al..
1997). However, biological consequences of this
interaction have not been demonstrated.

The data presented here show that cbl-b, but not c-
cbl, inhibits EGFR induced growth in 32D/EGFR cells
(Figure 5). These cells are absolutely dependent on
growth factor (either EGF or [L-3) and rapidly
undergo apoptosis in the absence of exogenous growth
factor (Greenberger ef al.. 1983; lhle er al., 1981, 1982;
Pierce et al., 1988; Prystowsky er al, 1982). The
inhibition of growth in the cbl-b clones is not
associated with any cell cycle arrest but it is associated
with a dramatic increase in the fraction of cells
undergoing apoptosis (Figure 6). Recent findings have
established that cell growth in response to growth
factor stimulation requires active inhibition of apopto-
sis via the activation of AKT in addition to stimulation
of cell cycle progression (Ahmed et al.. 1997: Dudek er
al., 1997; Franke er al.. 1995, 1997. Hemmings. 1997:
Kulik er al.. 1997). EGF stimulated cells overexpressing
chi-b had a markedly decreased activation of AKT and
the duration of AKT activation was foreshortened
compared to cells overexpressing c-chl or the vector
controls (Figure 8). This result is consistent with the
increased proportion of cells undergoing apoptosis.

The inhibition of EGFR stimulated growth in the
32D/EGFR cells by chi-b and not by c-chl clearly
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demonstrates distinct biological roles for cbl-b and c-
chi. The precise molecular mechanism by which cbl-b
exerts its inhibitory effect is not yet known. In both
transiently transfected cells (293T cells) and in stabie
clones (32D/EGFR cells)., c¢bl-b and c-cbl are
phosphorylated and recruited to the EGFR upon
activation of the receptor. Both cbl proteins interacted
with the Grb2 adaptor protein in the unstimulated cells
and we saw a slight increase in the association between
chl-b and Grb2 upon stimulation but not between c-ch/
and Grb2 (Figure 3). While some investigators have
shown modest increases in the interaction of c-cb/ with
Grb2 upon EGF stimulation (Fukazawa er al., 1996;
Khwaja er al.. 1996; Meisner and Czech, 1995), others
have found a constitutive interaction between c-cb/ and
Grb2 (Levkowitz et al.. 1996; Odai et al., 1995b). The
binding of the proline rich C-terminus of in vitro
translated chbl-b to a Gst-Grb2 fusion protein is
consistent with an SH3 mediated interaction. We also
have found that the N-terminus of cbl-b, like the N-
terminus of ¢-chl (Miyake et al.. 1997; Smit and Borst,
1997). is able to associated with the EGFR (not
shown). The similarities of cb/-b and c-chl in binding to
the EGFR and Grb2 (Figures 2 and 3), and the ability
of each cbl protein to decrease the binding of the other
to the EGFR (Figure 4) suggest that both interact with
the receptor through a common site and/or mechan-
ism. The binding site of the cb/ proteins on the EGFR
has not yet been identified. There was no inhibition of
EGF induced phosphorylation of the EGFR (Figure 1)
suggesting that binding of cbl-b (or c-cbl) to the EGFR
does not directly affect its activation by EGF. This is
consistent with prior observations that c-cb/ does not
directly alter the phosphorylation or kinase activity of
the EGFR (Thien and Langdon. 1997). However. there
are some published data which suggest that c-cbf/ can
inhibit phosphorylation of the EGFR (Ueno et al..
1997) and the reason for these differing results is
unknown. Cotransfection of the cbl proteins did
decrease the phosphorylation of the unstimulated
EGFR when the EGFR was overexpressed in 293T
cells indicating that the ch/ proteins may indeed inhibit
activation of the EGFR. No such high levels of
phosphorylated unstimulated EGFR were seen in the
vector controls or parental cell line of the 32D/EGFR
cells. This suggests that the high level of phosphory-
lated unstimulated EGFR may be unique to 293T cells
or a consequence of the high levels of expression of the
EGFR obtained upon transient transfection. The
significance of the decrease in phosphorylation of the
unstimulated EGFR by chl-b and c-cbl in the 293T
cells remains to be determined.

Overexpression of c¢bi-b inhibited activation of
downstream MAPK. JNK and AKT pathways
(Figures 7 and 8). chl-b has been shown to inhibit
JNK activation by Vav (Bustelo et al.. 1997) but there
are no published data addressing the effects of cbi-b on
MAPK or AKT. Previous reports do not show
inhibition of MAPK activation by c-chl in NIH3T3
cells (Bowtell and Langdon, 1995: Thien and Langdon,
1997: Ueno er al.. 1997). AKT activation was more
profoundly affected than MAPK activation and this is
consistent with the increase in apoptosis and absence of
cell cycle arrest. AKT activation is downstream of
growth factor induced activation of Pl 3-kinase
(Franke et af. 1997). c-chi has been shown to

associate with the 85 kDa regulatory subunit of PI 3-
kinase upon activation of a vaniety of receptors.
including the EGFR (Miyake er al. 1997, Smit and
Borst. 1997) and c-cbl has been demonstrated to
enhance IL4 induced PI 3-kinase activity and
mitogenic and survival signals in Ba/F3 cells (Ueno
et ul.. 1998). We have demonstrated an EGF induced
association between cbli-b and the p85 regulatory
subunit of Pl 3-kinase in tramsiently transfected 293T
cells that overexpress cbi-b (Figure 9). chi-b has one
consensus binding site for the SH2 domain of PI 3-
kinase (Y «,CEM) which is conserved between all of the
cbl family of proteins. However, chi-b lacks the second
binding site found in c-cbl (Y., EAM) which is
believed to be the site at which Pl 3-kinase binds to
c-cbl (Liu et al.. 1997). We were unable to demonstrate
any interaction of either cbl-b or c-chi with the p8S
subunit of PI 3-kinase in 32D/EGFR cells. We were
also unable to demonstrate any direct effect of cbl-b on
the binding of c-cbl to p8S in the transiently transfected
293T cells (unpublished observation). Thus, the
mechanism by which cbl-b inhibits AKT activation in
the transfected 32D/EGFR ceils remains to be
determined. The recruitment of cbl-b to the EGFR
upon activation and the inhibition of activation of
multiple downstream kinases suggests that cbl-b
functions at a step in the pathway close to the
receptor. The foreshortening of MAPK. JNK and
AKT activation by cbl-b suggests that chl-b may
enhance feedback inhibition of the EGFR.

Overall. our data demonstrate that 2 mammalian ch/
protein, cbl-b is able to inhibit EGFR-induced growth
and this inhibition is due to a failure to activate anti-
apoptotic pathways. These data further demonstrate
that while these proteins share some structural and
biochemical similarities, there are major functional
differences between the cbi-b and c-ch! proteins.

Materials and methods

Antibodies

Rabbit polyclonal anti-chl-b (H121: Santa Cruz Biotech-
nology) and anti-c-ch/ (C-15: Santa Cruz Biotechnology)
were used for both immunoblotting and immunoprecipita-
tion. Mouse monoclonal anti-HA (12CAS; Bochringer
Mannheim) and anti-EGFR (Ab3: Oncogene Science)
were used for immunoprecipitation and rabbit polyclonal
anti-HA antibody (Y-11. Santa Cruz Biotechnology). anti-
EGFR (1005, Santa Cruz Biotechnology). anti-p8S subunit
of PI 3-kinase (06-195; Upstate Biotechnology). and anti-
Grb2 (C-23; Santa Cruz Biotechnology) were used for
immunoblotting. Horseradish peroxidase linked anti-
phosphotyrosine (4G10: Upstate Biotcchnology Inc.) was
used for immunoblotting. Horseradish peroxidase linked
donkcy anti-rabbit Ig (Amersham) was used along with
ECL detection reagent (Super Signal: Picrce) to wisualize
immunoblots. Anti-ERK antibody (SC-154, Santa Cruz
Biotcchnology) was used to immunoprecipitate  active
ERK! and ERK2 for the immunocomplex MAPK assay.

Plasmids

A ninc amino acid epitope tag from the influcnza virus
hemagglutin protein (HA) (Wilson er al.. 1984) was added
to the C-terminal of the full length human ¢bl-b open
reading frame (Kcanc er al.. 1995) by PCR and the cDNA



was cloned into pCEFL. a mammalian expression vector
with the clongation factor promoter and a ncomycin
selectable marker (provided by Dr Silvio Gutkind). The
construct was sequenced 10 verify that there were no
mutations introduced. HA-tagged c-cbl was provided by
Dr Wallace Langdon (Andoniou er al.. 1996). This
construct was also cloned into the pCEFL vector. The
GST-cjun79 fusion construct used as a substrate in the
JNK assay was provided by Dr Silvio Gutkind. The fusion
protein was purificd from bactenal lysates as previously
described (Coso er al.. 1995).

Immunoblotting and immunoprecipitation

Immunoblotting was performed as previously described
(Ausubel e al., 1994) and detection by chemiluminescence
was performed using ECL (Amersham) according to the
instructions provided. Bricfly, for immunoprecipitation
protein from total cell lysate was incubated for 30 min
on ice with antibody. Immune complexes were recovered
by incubation with protcin A/G + agarosc beads (Santa
Cruz Biotechnology) at 4°C for | h with tumbling. Immune
complexes were washed five times in cold lysis buffer,
resuspended in 2 x loading buffer (Promega). boiled for
$ min, and then resolved by 10% SDS -PAGE. The gels
were transferred to nitrocellulose membranes (Schleicher
and Schucll) or to PVDF membranes (Immobilon P,
Millipore}.

Cell culture

293 cells transfected with the SV40 large T antigen (293T)
(provided by Mike Erdos) were maintained in culture in
DMEM supplemented with 10% fetal calf secrum and 1%
Penicillin-Streptomycin (Pen-Strep) and were transfected
with various constructs using calcium phosphate (5
Primc-+3 Prime, Inc.) according to the protocol included
with the reagents. To measure the effects of EGF
stimulation, 293T cclls were grown to 70% confluence
and serum starved in DMEM supplemented with 0.1%
bovine serum albumin (BSA) and 1% Pen-Strep for 4 h.
One hundred ng/ml of recombinant human EGF (Colla-
borative Biomedical Products) was added for the times
indicated. the cells were washed two times in ice-cold PBS
containing 0.2 mM sodium orthovanadate and the cells
were lysed in ice~cold lysis buffer (10 mm Tris HCL pH 7.5,
150 mmM NaCl, 5mMm EDTA, 1% Triton X 100, 10%
Gilycerol. | mM 4-(2 aminocthyl) benzencsulfonyl fluoride
(AEBSF). 20 ug/mi Leupeptin, 20 ug/ml Aprotinin. 10 ug/
ml Pepstatin, 2 mM sodium orthovanadate). The lysates
were cleared of debris by centrifugation at 16 000 g for
15 min at 4°C.

32D/EGFR cclls were maintained in culture in RPMI 1640
supplemented with 5% fetal calf serum. 5% WEHI 3B
conditioned medium and [% Pen-Surep. The WEHI 3B cell
line was maintained in RPMI 1640 supplemented with 15%
fetal calf serum and 1% Pen-Strep. WEHI 3B conditioned
media containing 1L-3 was produced by culturing the WEHI
3B cells to a high density and then harvesting the
supcrnatants. 32D/EGFR cells were transfected by clectro-
poration as previously described (Pierce er al.. 1988) and
stable clones were sclected and maintained in growth media
supplemented with 750 ug/ml G418 (GIBCO -BRL). To
assess the growth in different conditions, cells were pelleted.
resuspended in RPMI 1640 containing 15% FCS, 1% Pen-
Strep. but no growth factor. Cells were sceded in 24 well
plates at | x 10* cells, well. Either EGF (10 ng/ml). IL-3 (5%
conditioned media) or no growth factor was added. The cells
were incubated for the indicated time and then cells were
harvested and counted using trypan blue to asscss viability.
Each data point was done in triplicate.
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TUNEL assays to detect fragmented DNA in situ (Ben-
Sasson et al., 1995) were peformed on cell cytospins using the
In Situ Death Detection Kit (Bochringer Mannheim).

Kinase assays

MAPK was assayed as previously described (Crespo er al.,
1994). Briefly. cclls were stimulated with EGF (100 ng,ml)
for the indicated time. washed in ice-cold PBS containing
0.2 m™M sodium orthovanadate, and the cells were lysed in
ice-cold lysis buffer (20 mm HEPES, pH 7.5, 2.5 mm
MgCl.. 106 mM EGTA, 40 mm f-glyccrophosphate, 1.0%
Nonidet P40, Imm DTT, 1 mm AEBSF. 20 ug/ml
Leupeptin, 20 ug/ml Aprotinin. 2 mM sodium orthovana-
date). Cleared lysates were incubated at 4°C with tumbling
with anti-Erk antibody and protwcin A/G + agarosc beads
for 1 h. The beads were washed three times with PBS
containing % Nonidet P-40 and 2 mM sodium orthova-
nadate, once with 100 mMm Tris (pH 7.5) containing 0.5 ™
LiCl, and once with kinase reaction buffer (12.5 mm
MOPS. pH 7.5, 7.5 mm MgCl,, 3.3 um DTT, 12.5 mm §-
glycerophosphate. 0.5 mmM EGTA, 0.5 mm NaF, 0.5 mm
sodium orthovanadate). The beads were resuspended in
30 ul of kinase reaction buffer containing 10 uCi
[-*PJATP (3000 Ci/mmol; Amersham), 20 uM cold ATP
and 1.5 mg/ml Myelin Basic Procin (MBP) as a substrate.
The reactions were incubated at 30°C for 20 min and
terminated by the addition of 15 ul of 4 x Lacmmli buffer.
The samples were heated to 95°C for 5§ min and analysed
by SDS - PAGE on 12% gels. The gels were dried and the
phosphorylated MBP was assessed by autoradiography
using AR film and an intensifying screen (Kodak).

INK was assayed as previously described (Coso er al..
1995: Crespo er al.. 1994). Bricfly. cells were stimulated with
EGF (100 ng/ml) for the indicated time, washed in ice-cold
PBS containing 0.2 mM sodium orthovanadate and the cells
were lysed in ice-cold lysis buffer (25 mm HEPES. pH 7.5,
200 mwm NaCl, 1.5 mm MgCl,. 0.2 mm EDTA. 0.5 mm DTT.
20 mm f-glycerophosphate, 0.1% Triton X 100, | mM
AEBSF. 20 ug/ml Leupeptin, 0.1 mM sodium orthovana-
date). Cleared lysates were incubated at 4°C with tumbling
with 1 ug of GST-cjun? protein bound to glutathione-
agarosc beads for 3-4 h. The beads were washed three times
with PBS containing 1% Nonidet P-40 and | mM sodium
orthovanadate, once with 100 mm Tris (pH 7.5) containing
0.5 M LiClL, and once with kinasc reaction buffer (25 mm
HEPES pH 75 20mm MgCl, 2mm DTT. 20mm 8-
glycerophosphate, 0.1 mM  sodium orthovanadate). The
beads were resuspended in 30 ul of kinasc rcaction buffer
containing | xCi [7-"PJATP (3000 Ci/mmol: Amersham) and
50 um cold ATP, incubated at 30°C for 20 min. and the
reactions were terminated by the addition of 15ul of
4 x Lacmmii buffer. The samples were heated to 95 C for
5 min and analysed by SDS - PAGE on 12% gels. The gels
were dried and the phosphorylated GSTcjun79 was assessed
by autoradiography using Biomax MR film (Kodak).

AKT activation was assessed by the specific phosphoryla-
tion of AKT on serinc 473 using thc Phosphoplus AKT
{Serd473) antibody kit (New England Biolabs) according to
the method provided with the kit.
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Studies in C. elegans and Drosophila melanogastor
suggest that cbl proteins are inhibitors of epidermal
growth factor receptor (EGFR) function. Here we de-
scribe that overexpression of cbl-b, a homologue of the
e-cbl protooncogene, inhibits EGFR-induced apopto-
sis in MDA-MB-488 breast cancer cells. Overexpression
of cbl-b results in a shortened duration of EGFR acti-
vation upon EGF stimulation. This is demonstrated by
decreased amounts of phosphorylated EGFR as well as
by inhibition of multiple downstream signaling path-
ways. The inhibition of signaling by cbl-b results from
increased ubiquitination and degradation of the acti-
vated EGFR. The inhibitory effects of cbl-b overex-
pression on apoptosis and on EGFR signaling are re-
versed by blocking protecsomal degradation of the
EGFR. These data demonstrate that the mechanism by
which cbl-b inhibits EGFR-induced apoptosis is by
activation-dependent degradation of the EGFR. They
imply that this mechanism may be a general one
whereby cbl proteins regulate intracellular signaling.
© 1999 Academic Prom

The cbl proteins are a highly conserved family of
proteins found in metazoans from nematodes to verte-
brates and these proteins have several highly con-
served domains including a novel N-terminal SH2 do-
main and a RING finger (1-8). There are three
mammalian cbl proteins: c-cbl, cbl-b, and the recently
described cbl-3 (1, 3, 4). cbl-b is structurally most sim-
ilar to c-cbl while cbl-3 appears to be more closely
related to the shorter C. elegans and Drosophila cbl
proteins (3, 4). The cbl proteins are tyrosine phosphor-
ylated upon activation of a variety of growth factor
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receptors and they associate with many proteins con-
taining Src Homology 2 and 3 domains (reviewed in (9,
10)). These diverse interactions modulate signaling
through many pathways (9, 10). For example, in mast
cells overexpression of c-cbl inhibited FceRI induced
activation of Syk kinase and downstream serotonin
release (11) and overexpression of cbl-b in Cos cells
inhibited Vav-induced Jun Kinase activation (12). Re-
cent work has shown that c-cbl-deficient mice have
hyperplastic hematopoietic and breast tissue consis-
tent with a negative regulatory role in cellular prolif-
eration for c-cbl (13). Together these evolutionary and
biochemical data indicate that the cbl proteins are
important regulators of intracellular signaling and
consequently of cell function and development.
Genetic studies in C. elegans first demonstrated that
cbl proteins are regulators of epidermal growth factor
receptor (EGFR) function. sli-1 (the C. elegans cbl ho-
mologue) is a negative regulator of the Let-23 receptor
tyrosine kinase (the EGFR homologue) in vulva devel-
opment (6, 14). Developmental effects have also been
demonstrated in Drosophila where D-cbl has been
shown to associate with the Drosophila EGFR and
overexpression of D-cbl in the eye of Drosophila em-
bryos inhibits EGFR dependent photoreceptor cell de-
velopment (2, 5). In mammalian cells, several studies
have shown that c-cbl becomes phosphorylated and
recruited to the EGFR upon stimulation and alters
signaling (reviewed in (10, 15)). We previously reported
that cbl-b inhibits EGF induced growth and EGFR
signaling but the mechanism of this inhibition was not
clear. Recent findings with c-cbl have implicated ubiq-
uitination and degradation of growth factor receptors
as a possible mechanism of this inhibition (16-19).
To study the function of cbl-b in regulating EGFR
function further, we investigated the biological and
biochemical effects of cbl-b on EGFR function in MDA-
MB-468 breast cancer cells. These cells express high
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levels of EGFR and undergo apoptosis upon EGF treat-
ment (20-22) and thus provide a useful reagent in
which to evaluate regulation of EGFR function. Using
this well characterized EGF response, we demonstrate
that cbl-b inhibits EGFR function by enhancing ubiq-
uitination and degradation of activated receptors.

MATERIALS AND METHODS

Expression constructs. The expression plasmid for
cbl-b and the control vector have been previously de-
scribed (23). The HA-epitope tagged ubiquitin expres-
sion plasmid was provided by Dr. Dirk Bohmann (24).
The GAS element of the IRF-1 gene fused upstream of
the luciferase gene (the pZtkLuc plasmid) used as a
STAT reporter construct was provided by Dr. Richard
Pine (25).

Immunoblotting and immunoprecipitation. Immu-
noblotting and immunoprecipitation were performed
as previously described (23). Rabbit polyclonal anti-
cbl-b (H121; Santa Cruz Biotechnology), anti-EGFR
(1005; Santa Cruz Biotechnology), anti-HA (Y-11;
Santa Cruz Biotechnology), HRP-conjugated anti-phos-
photyrosine (4G10; Upstate Biotechnology), phospho-
specific anti-MAP kinase antibody (9101; New England
Biolabs), and anti-MAP kinase antibody (SC154, Santa
Cruz) were used for immunoblotting. Mouse monaoclo-
nal anti-EGFR antibody (Ab-3; Oncogene Science) was
used for immunoprecipitation of the EGFR.

Cell culture. MDA-MB-468 breast cancer cells were
obtained from the ATCC and maintained in culture in
RPMI 1640 supplemented with 10% fetal calf serum
(FCS) and 1% Penicillin-Streptomycin. To assess EGF
induced apoptosis, cells were plated at 10* cells/well in
96 well microtiter plates in RPMI 1640 supplemented
with 1% FCS and allowed to adhere to the plate over-
night. Human recombinant EGF (Collaborative Bio-
medical Products) was added, the cells were incubated
for three days, and viability was assessed by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenylitetrazolium (MTT)
dye reduction assay as described previously (26). Each
EGF concentration was performed in eight wells and
data represent the viability of EGF treated cells com-
pared to the viability of untreated cells as a percentage.
In experiments to assess the effects of proteosomal
inhibition on apoptosis, lactacystin (Calbiochem) was
added to the plates at the same time as the EGF. The
data represent the viability of EGF plus lactacystin
treated cells compared to the viability of cells in lacta-
cystin alone as a percentage.

To measure the biochemical effects of EGF stimula-
tion, MDA-MB-468 cells were grown to 50-70% conflu-
ence, starved overnight in RPMI 1640 supplemented
with 1% FCS, EGF (100 ng/ml) was added and then cell
lysates were prepared as previously described (23).
Ubiquitination was measured by transiently transfect-
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FIG. 1. cbl-b inhibits EGF induced growth inhibition in MDA-
MB-468 cells. (A) Stable clones of MDA-MB-468 cells expressing
either cbl-b (open circles) or empty vector (closed squares) were
cultured with the indicated concentration of EGF for three days and
viability was assessed by MTT assay. Data represent the average
viability of EGF treated cells as a percentage of untreated cells =
SEM for three clones each of cbl-b and vector controls. (B) Expression
of cbl-b and the EGFR in cell lysates from the stable clones was
measured by immunoblotting. The positions of the cbl-b and EGFR
proteins are indicated by the arrows on the right.

ing the stable clones with the HA-epitope tagged ubigq-
uitin expression vector and 48 h post transfection starv-
ing and stimulating the cells as above. To assess the
biochemical effects in the presence of lactacystin, cells
were starved as above, lactacystin (5 uM) was added
two hours prior to EGF, and lysates were prepared.

To measure STAT activation, 3 X 10° cells/well were
plated in six well plates, allowed to adhere overnight,
and then transiently transfected with the pZtkLuc
plasmid using Lipofectamine (Life Technologies). After
transfection, the cells were incubated with or without
EGF (100 ng/ml) for 16 h in RPMI 1640 supplemented
with 1% FCS. Cells were lysed in Cell Lysis Reagent
(Pharmingen) and the luciferase activity in each sam-
ple was determined using Luciferase Assay Reagent
(Pharmingen) and a Monolight 2010 luminometer
(Analytical Luminescence Laboratory).

RESULTS

cbl-b inhibits EGF induced apoptosis in MDA-MB-
468 cells. To investigate the biological effects of cbl-b
on EGFR function, stable clones of MDA-MB-468
breast cancer cells overexpressing cbl-b were isolated.
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FIG. 2. cbl-b inhibits EGF induced apoptosis in MDA-MB-468 cells. (A) TUNEL assays were performed on cytospins of cbl-b and vector
clones which had been incubated = EGF (100 ng/ml) for 48 h. Phase and fluorescence (TUNEL) photomicrographs (1000 x) of the same field
for each sample are shown. (B) TUNEL assays were quantitated by calculating the percentage of apoptotic cells in multiple high power fields
for a cbl-b and vector clone incubated in the absence (white bars) or presence (black bars) of EGF. A minimum of 500 cells were counted for
each condition. Representative data of one experiment are shown. p values compare EGF treated and untreated cells for each clone using a

Student'’s two-tailed ¢ test.

Overexpression of cbl-b in MDA-MB-468 cells inhibited
EGF induced apoptosis (Fig. 1). EGF treatment of sta-
ble clones of MDA-MB-468 cells transfected with
empty vector results in a dose dependent growth inhi-
bition as measured by MTT with a maximal inhibition
of 50-60%. In contrast, cells stably overexpressing
cbl-b were not growth inhibited by EGF (Fig. 1A).
There was no difference in the growth of MDA-MB-468
clones overexpressing cbl-b compared to vector controls
when the cells were cultured in complete growth media
in the absence of EGF. Figure 1B demonstrates the
expression of cbl-b and the EGFR in the stable clones
used for these experiments. A longer exposure of the
immunoblot than the one shown revealed that there
was endogenous cbl-b in the MDA-MB-468 cells and
the cbl-b clones had >20- to 30-fold overexpression.
There was no difference in the total level of EGFR in
the cbl-b clones compared to the vector controls when
the cells were grown in complete growth medium with-
out EGF (Fig. 1B). Analysis of cell surface receptors by
cell surface labeling also showed no differences be-
tween the cbl-b clones and vector controls (data not
shown). Thus, the inhibition of EGFR function by cbl-b
was not due to lower steady state expression levels of
EGFR by the cbl-b clones.

Previous work has shown that the inhibition of
growth by EGF in MDA-MB-468 cells is due to a dose
dependent induction of apoptosis by EGF (21). Micro-
scopic analysis revealed that many of the vector control
MDA-MB-468 cells treated with EGF became non-
adherent, shrunken, refractile cells with pyknotic nu-
clei compared to untreated cells (data not shown).
TUNEL assay to detect apoptotic cells (27) demon-
strated that the morphologic changes seen in the EGF
treated control cells were due to apoptosis and that
EGF treatment was accompanied by an ~6-fold in-
crease in the percentage of cells undergoing apoptosis
(Fig. 2). In contrast, cells overexpressing cbi-b did not
undergo any morphological changes in the presence of
EGF and TUNEL assay demonstrated that there was
no change in the percentage of cbl-b cells undergoing
apoptosis in the presence of EGF (Fig. 2).

cbl-b inhibits signaling by the EGFR. To investi-
gate the biochemical effects of cbl-b on the activation of
the EGFR, cell lysates were prepared from MDA-MB-
468 cells overexpressing cbl-b and a vector control over
a time course of EGF treatment (Fig. 3). The activation
of the EGFR, measured by tyrosine phosphorylation of
the receptor, was similar at early time points (e.g.,
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FIG.3. cbl-binhibits EGFR signaling. (A) A cbl-b and vector cione were stimulated with EGF (100 ng/ml) for the times indicated and cell
lysates were prepared. Proteins were separated by SDS-PAGE, transferred, and immunoblotted with an anti-phosphotyrosine (anti-pTyr)
antibody. The positions of the EGFR and cbl-b are indicated by the arrows to the right. The molecular weights in kDa are shown to the left
of the figure. Identical results were obtained with other clones. (B) Lysates from the cbl-b and vector clones described above were
immunoblotted with an anti-phospho-MAPK antibody (anti-p-MAPK). The filters were stripped and reblotted with an anti-MAPK antibody
(anti-MAPK). Identical results were obtained with other clones. (C) Vector and cbl-b clones were transiently transfected with a luciferase
reporter plasmid for STAT activation. The cells were incubated = EGF (100 ng/ml) for 16 h and the luciferase activity was measured. Each
experiment was performed in triplicate and the fold induction was calculated as the ratio of luciferase activity in the presence of EGF divided
by luciferase activity in the absence of EGF. The results represent the average = SD for a representative experiment. Identical results were

obtained with other clones.

5-30 min) in the cells overexpressing cbl-b and vector
control cells (Fig. 3A). However, the activated receptor
began to decrease in the cbl-b clone after 1 h and had
returned to baseline by 48 h. In contrast, the activation
of the EGFR in the vector control cells persisted at a
high level throughout the time course.

cbl-b becomes rapidly phosphorylated and recruited
to the EGFR in response to EGFR activation (23) and
the appearance of a phosphoprotein at the size of cbl-b
can be seen in the cbl-b clone as early as 5 min after
EGF stimulation (Fig. 3A). The phosphorylation of
cbl-b decreases at the later time points, consistent with
a loss of EGFR activity. Upon longer exposure, a
weaker signal representing a phosphoprotein that mi-
grates at the size of cbl-b (representing endogenous
c-cbl or cbl-b protein) can be seen in the vector controls
and the phosphorylation persisted at constant levels
until 24 h without decrease.

To further investigate the effects cbl-b on down-
stream signaling by the EGFR, the activation of

MAP kinase (MAPK) in cells overexpressing cbl-b
and in vector controls was measured (Fig. 3B). EGF
treatment induced rapid activation (within 5 min)
of MAPK in cells expressing cbl-b and in the vector
control cells. However, the magnitude of MAPK
activation was less and the duration of activation
was shorter in cells expressing cbl-b compared to
the vector control cells. Previous work has estab-
lished that STAT activation is critical to the induc-
tion of apoptosis by the EGFR (22, 28). STAT activation
was measured by transiently transfecting the cells
with a reporter construct consisting of the GAS ele-
ment of the IRF-1 promoter cloned upstream of the
luciferase gene (25). Cells overexpressing cbl-b had
significantly lower induction of STAT activity upon
EGF treatment (Fig. 3C).

Together, these data demonstrate that overexpres-
sion of cbl-b decreases the duration of activation of
the EGFR and of multiple downstream signaling
pathways.
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FIG. 4. cbl-b enhances EGF induced degradation of the EGFR.
(A) Lysates prepared as described in Fig. 3 were immunoblotted with
anti-EGFR antibody. The position of the EGFR is indicated by the
arrow to the right. (B) The level of the EGFR receptor, expressed as
a percentage of the level in untreated cells (control), was determined
by densitometry for the cbl-b clone (black squares) or the vector clone
(open circles) from the blot shown in B. (C) Loading was assessed for
the blots in B by stripping the blots and reprobing them with an
anti-MAPK antibody.

cbl-b enhances EGF induced ubiquitination and deg-
radation of the activated EGFR. The inhibition of
multiple signaling pathways by cbl-b and its recruit-
ment to the activated EGFR (23) suggested that the
inhibitory function of cbl-b was likely to target the
EGFR directly. Previous work has shown that the
EGFR is internalized and degraded upon activation
and that this activation dependent degradation is en-
hanced by c-cbl overexpression (18). We therefore in-
vestigated the effects of cbl-b overexpression on EGFR
degradation. The level of EGFR upon EGF treatment
was assessed by immunoblotting (Fig. 4). There was a
significant decrease in the level of the EGFR over the
first 24 h of EGF treatment in the cbl-b clone and then
the levels returned to the baseline (Fig. 4A). Quantita-
tion of the levels by densitometry revealed that the
level of the EGFR decreased to approximately 40% of
the initial level (Fig. 4B). In contrast, the level of the

MOLECULAR CELL BIOLOGY RESEARCH COMMUNICATIONS

EGFR did not decrease below 70% of the initial value
in the vector control cells. Interestingly, the increase in
EGFR levels in the cbl-b clone at 48 h (Fig. 4A) was
unphosphorylated EGFR (Fig. 3A) and thus inactive
receptor. Analysis of cell surface receptors by cell sur-
face labeling confirmed these results (data not shown).
Equal loading of the blots was demonstrated by rep-
robing the blots with an anti-MAPK antibody (Fig. 4C).

A prominent high molecular weight smear above the
EGFR, characteristic of the addition of polyubiquitin
chains to the activated EGFR (18), is seen upon EGF
treatment in the cells overexpressing cbl-b (Figs. 3A
and 4A). To demonstrate that cbl-b enhances ubiquiti-
nation of the activated EGFR in these cells, HA-epitope
tagged ubiquitin (24) was transiently transfected into
either cbl-b overexpressing cells or vector control cells.
The cells were incubated with or without EGF and the
EGFR was immunoprecipitated from lysates prepared
from these cells (Fig. 5). In both the immunocblot of
the lysates and the immunoprecipitated EGFR, the
anti-HA antibody detected a diffuse ubiquitinated
band in the EGFR from EGF-treated cells overexpress-
ing cbl-b (Fig. 5, top panels). This band migrated at the
same size as the high molecular weight smear seen
above the EGFR when the blot was reprobed with the
anti-EGFR antibody (Fig. 5, bottom panels). Longer
exposures of the EGFR from vector control cells dem-
onstrate a less prominent smear that reacted with the
anti-HA antibody, thus showing that there was less
ubiquitination of the EGFR in these cells. Stripping
and reprobing the same immunoblots with an anti-
ubiquitin antibody showed identical results (data not
shown). Together, the data in Figs. 4 and 5 demon-
strate that cbl-b enhances ubiquitination and degrada-
tion of the EGFR.

Inhibition of the proteosome reverses the effects of
cbl-b overexpression. Ubiquitination of proteins tar-
gets them for degradation by the 26S proteosome (29)
and previous work has established that the EGFR is
degraded at least partially by this mechanism (18). To
confirm that enhanced ubiquitination and degradation
of the activated EGFR was the mechanism by which
cbl-b inhibits the effects of the EGFR, we repeated the
experiments described above in the presence of lacta-
cystin, a specific inhibitor of proteosomal degradation
(30) (Fig. 6). As above, in the absence of lactacystin,
EGF did not induce apoptosis in MDA-MB-468 cells
overexpressing cbl-b (Fig. 6A, 0 point). However, in the
presence of lactacystin, EGF induced apoptosis in the
cbl-b overexpressing cells to a level similar to the con-
trol cells shown in Fig. 1A. Biochemical analysis re-
vealed that preincubation with lactacystin inhibited
the degradation of the EGFR seen in the cbl-b clone
(Fig. 6B). In the absence of lactacystin, EGF induced a
decrease in the EGFR levels to ~30% of the initial level
by 2 h but in the presence of lactacystin the EGFR was

115



Vol. 2, No. 2, 1999

MOLECULAR CELL BIOLOGY RESEARCH COMMUNICATIONS

FR

P:

FIG. 5. cbl-b enhances ubiquitination of the EGFR. A cbl-b and vector clone were transiently transfected with HA-epitope tagged
ubiquitin. Cells were incubated = EGF (100 ng/ml) for 10 min and cell lysates were prepared. The EGFR was immunoprecipitated from each
lysate. Both the lysate and the precipitated proteins were separated by SDS-PAGE and immunoblotted with an anti-HA antibody (top). The
same filter was stripped and reprobed with the anti-EGFR antibody (bottom). The arrows on the right indicate the position of the EGFR and

the arrowheads indicate the position of the ubiquitinated EGFR.

maintained at ~60% of the initial levels. Activation of
the EGFR in the cbl-b clone, measured by tyrosine
phosphorylation of the receptor, was sustained in cells
treated with lactacystin compared to the untreated
cells (Fig. 6C). Downstream signaling was also main-
tained in the presence of the proteosomal inhibitor.
The phosphorylation of cbl-b (the ~120 kDa band in
Fig. 6C) and the phosphorylation of MAPK (Fig. 6D)
was sustained longer in the cells treated with lactacys-
tin than in the untreated cells.

DISCUSSION

The data presented here demonstrate that cbl-b in-
hibits EGF induced apoptosis in MDA-MB-468 cells.
cbl-b does not prevent the initial activation of the
EGFR and subsequent downstream signaling (Fig. 3)
but it does shorten the duration of EGFR signaling. In
our previous work, we have shown that cbl-b inhibits
EGFR dependent growth and there too the duration of
EGFR signaling was shortened (23). Thus, the inhibi-
tion of EGFR function is independent of the biological
result of EGFR activation. The shortened duration of
activation of the EGFR and multiple downstream path-
ways seen in both systems further suggested that the
negative regulatory effects of cbl-b on EGFR function
occurred at the level of the EGFR itself.

cbl-b inhibits EGFR function by enhancing ubiquiti-
nation and degradation of the activated EGFR (Figs. 4
and 5). There was no change in the steady state level of
EGFR in the MDA-MB-468 cells which overexpress
cbl-b when the cells were cultured in the absence of
EGF. In contrast, upon activation of the EGFR, there
was a decrease in the level of EGFR and concomitantly
there was almost total loss of activated EGFR. At later

time points, the level of EGFR returned to the baseline
level but the receptor was unphosphorylated and thus
inactive. These observations indicate that overexpres-
sion of cbl-b enhances the degradation of the activated
EGFR but does not cause degradation of unstimulated
receptors. This directly leads to an abrogation of EGFR
activation and inhibition of downstream signaling
pathways and thus results in inhibition of the biologic
effects of EGF.

Levkowitz et al. (18) have recently demonstrated
that c-cbl enhances ubiquitination and degradation of
the activated EGFR. We have recently demonstrated
that a third member of the mammalian cbl family,
cbl-3, also inhibits EGFR signaling (4) and it too en-
hances degradation of the activated EGFR (unpub-
lished observation). Thus, regulation of EGFR signal-
ing by degradation is a conserved function of all known
mammalian cbl proteins. The biochemical mechanism
by which cbl proteins causes ubiquitination of the
EGFR is not yet known. Ubiquitination of proteins
occurs via the activation and conjugation of ubiquitin
to target proteins by a series of enzymes known as E1,
E2, and E3 proteins (29). The E3 component is often
comprised of a complex of several proteins and confers
specificity to the ubiquitination process. Recently, a
number of proteins containing a RING finger have
been demonstrated to function as E3 proteins or as
part of E3 complexes (31-37). The cbl proteins all con-
tain a RING finger and are recruited to the EGFR upon
activation (4, 10, 23). The RING finger of c-cbl has been
shown to be essential for the ubiquitination and deg-
radation of the EGFR (38). Thus cbl proteins are likely
to be part of an E3 complex.

The cbl proteins are substrates in many signaling
pathways mediated by tyrosine kinases (9, 10) and
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FIG.8. Lactacystin reverses the EGFR inhibition of cbl-b. (A) A cbl-b clone was incubated with lactacystin at the concentrations indicated
in the presence or absence of EGF (100 ng/ml) for 3 days and then viability was assessed by MTT. Viability of cells in lactacystin + EGF as
a percent of the viability of the cells in the same concentration of lactacystin without EGF (control) is plotted. Data represent the average =
SD for a representative experiment. (B) A cbl-b clone was preincubated * lactacystin (5 uM) for 2 h, the cells were stimulated with EGF for
the times indicated, and cell lysates were prepared. The protein was separated on SDS-PAGE and immunoblotted with an anti-EGFR
antibody. The position of the EGFR is indicated by the arrows on the right. (C) Protein lysates prepared from EGF stimulated cells =
lactacystin as described above were immunoblotted with anti-pTyr. The positions of the EGFR and cbl-b are indicated by the arrows on the
right. The molecular weight in kDa is shown on the left of the figure. (D) Protein lysates prepared from EGF stimulated cells = lactacystin
as described above were immunoblotted with anti-p-MAPK. The filters were stripped and reprobed with anti-MAPK.

c-cbl has been demonstrated to enhance ubiquitination
and degradation of other growth factor receptors (16,
17, 19). Our data, together with the observations
above, imply that cbl proteins regulate the biological
responses to stimulation by a variety of growth fac-
tors through degradation of activated growth factor
receptors.
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